The influence of a prior period of thymine and amino acid deprivation on the restoration of DNA synthesis and on the fraction of cells surviving after U.V. irradiation and subsequent incubation with chloramphenicol in Escherichia coli B/r Hcrf has been studied. Thymine and amino acid deprivation stimulated post-irradiation DNA synthesis and increased the fraction of surviving cells if, in the period between deprivation and U.V. irradiation, protein synthesis occurred. It is concluded that proteins induced by thymine starvation participated in the repair of u.v.-irradiated cells.
INTRODUCTION
Excision and photoreactivation of pyrimidine dimers can be suppressed in Escherichia coli strains of uvr+ rec+ genotype if, prior to U.V. irradiation, protein and DNA syntheses are inhibited by cultivation without an essential amino acid and thymine (Sedliakova et al., 1972; Brozmanovh et al., 1978) . Such treatment does not result in cell death nor does it change the degree of resistance to U.V. irradiation (Sedliakova et al., 1973 (Sedliakova et al., , 1974 .
Based on evidence reported previously (Brozmanovh et al., 1978) and on numerous experimental results on changes in the structural state of the DNA molecule caused by thymine deprivation (Walker, 1970; Bhattacharjee & Das, 1973 ; Ghosh & Bhattacharjee, 1975; Nakayama & Hanawalt, 1975) we have presumed that the reduced ability of excisionproficient E. coli cells to excise or photoreactivate dimers is caused by changes in the DNA molecular structure rather than by decreased endonuclease or photolyase activities.
The fact that the U.V. resistance of cells does not decrease after treatment as described above, which reduces both excision and photoenzymic repair, has led us to conclude that E. coli uvr+ possesses an efficient repair system independent of, or only partly dependent on, the removal of pyrimidine dimers.
During the last few years it has been pointed out in several papers that treatments that injure the DNA molecule or inhibit its replication, such as U.V. irradiation, mitomycin C , nalidixic acid and thymine deprivation, will, in E. coli, induce several processes which are not observed in uninjured cells. Among such responses is the enhanced synthesis of recA protein (previously protein X, Gudas & Pardee, 1975 , 1976 Little & Hanawalt, 1977) , which is not observed in lexA recA mutants and which is thought to have an important role in the repair process referred to as SOS repair (Radman, 1975; Witkin, 1976) . Originally, this repair process seemed to be important only in uvr mutants which are incapable of eliminating damage to the DNA molecule by excision repair. It has, however, been found that in uvr+ cells too, repair processes can be induced by a sublethal U.V. dose that will allow DNA synthesis to resume in the absence of protein synthesis, preventing the killing of cells which occurs if protein synthesis is inhibited after a lethal U.V. dose (Sedliakovh & Slezhri- kov8, 1977) . It has also been shown that, similar to a thymine and amino acid starvation pretreatment, application of an inducing U.V. dose reduces dimer excision after a subsequent U.V. irradiation (Sedliakovh et al., 1978) .
In the present paper we have tried to establish whether thymine and amino acid deprivation of E. coli B/r Hcr+ cells will provoke an induction which, after subsequent U.V. irraaiation, will restore DNA replication in the absence of de novo protein synthesis.
M E T H O D S
Bacterial strains and cultivation conditions. Escherichia coli B/r Hcr+ thy trp was kindly supplied by Dr D.
Billen; E. coli K12 AB2487 r e d thy thi thr leu argpro his was kindly supplied by Dr A. K. Ganesan; E. coli K12 DMll52 lex-3 thy thi thr leu arg pro his was kindly supplied by Dr D. Mount. The synthetic glucose medium has been described elsewhere for the E. coli B/r Hcr+ strain (Sedliakova et al., 1966) and for the E. coli K12 strains (Sedliakovi et al., 1975) . Concentrations of essential compounds were 2 pg thymine ml-l and 14 p g tryptophan ml-l for the E. coli B/r Hcrf strain and 2 pg thymine ml-l, 2 pg thiamin ml-l and 10-3 M amino acids for the E. coli K12 strains. The 'heavy' medium for density labelling of DNA contained 0.1 % l5NH4C1 (99 % atom purity) instead of 0-2 % l4NH4C1 and 0.1 % [13C]glucose (78.2 % atom purity) instead of 1 % [12C]glucose. Pre-irradiation inhibition of DNA synthesis or of DNA and protein syntheses was carried out by cultivating the bacteria in medium without thymine (T-) or without thymine and tryptophan (T-AA-), respectively, prior to U.V. irradiation. Sometimes, cells cultivated in T-AA-were subsequently grown in the complete medium (T+AA+) before U.V. irradiation. Post-irradiation inhibition of protein synthesis was obtained by cultivation with 40 pg chloramphenicol (CAP) ml-l for 120 min. Changes of the cultivation media were made by means of membrane ftltration using Synpor 6 filters.
Ultraviolet irradiation. A Philips TUV 15 W germicidal lamp emitting predominantly light of 253.7 nm served as the source of U.V. radiation. The incident dose rate was 0.63 J m-2 s-l. The depth of the irradiated layer was 1 to 2 mm; the suspension was stirred manually during irradiation.
Determination of DNA synthesis. During the exponential growth phase, cells were either prelabelled with After pretreatment and U.V. irradiation cells were, in both cases, grown in complete medium which contained [6-3H]thymidine [5 pCi (185 kBq), 4 pg ml-l] and chloramphenicol(40 pg ml-l). The presence of thymidine instead of thymine in the post-irradiation medium increased the fraction of cells surviving, did not enhance DNA degradation and improved the labelling of DNA after U.V. irradiation (Sedliakova et al., 1974, 1975, and unpublished results) . At intervals after irradiation, 0.1 ml samples were transferred to Whatman no. 3
paper discs, washed with 5 % (w/v) trichloroacetic acid and then with ethanol. After drying, the radioactivity on each disc was measured in a Packard TriCarb liquid scintillation spectrometer. DNA synthesis was measured either as relative uptake of label (the increase in [6-SH]thymidine content of DNA after irradiation during post-incubation with CAP, in comparison with [6-3Hlthymine content immediately after thymine starvation), or as relative incorporation (incorporation immediately after irradiation was taken as 1 ; the other values were expressed as multiples of that value). lsopycnic CsCl centrifugation. DNA was isolated using the lysozyme (EC 3.2.1 .17)/pronase procedure described by Hanawalt & Cooper (1971) . Cell lysate (0.5 ml) was mixed with 3 ml CsCl solution to give a final density of 1.724 to 1.730 g ~m -~. Samples containing CsCl solution were homogenized and transferred to polyallomer tubes for the 50Ti rotor of a Beckman L2-65B centrifuge. Centrifugation was at 35000 rev. min-l for 40 h at 20 "C. After centrifugation individual fractions were collected on Whatman no. 3 paper strips. The strips were washed in 5 % trichloroacetic acid and then in 96 % (v/v) ethanol and the radioactivity of the high molecular weight fractions was determined in a TriCarb liquid scintillation spectrometer.
Determination of the number of surviving cells. Samples were taken at intervals and, after appropriate dilution, the numbers of surviving cells were determined by growth on agar plates of the same composition as the corresponding liquid culture medium, solidified with 1.5 % (w/v) agar.
R E S U L T S
We have studied the influence of thymine or thymine and amino acid deprivation on the restoration of DNA synthesis in u.v.-irradiated E. coli B/r Hcr+ cells incubated postirradiation with chloramphenicol. As shown in Fig. 1 , exponentially growing cells, u.v, irradiated and incubated with CAP (zero time in Fig. 1) were not able to restore DNA synthesis and, due to DNA degradation, their DNA content was decreased when measured . After incubation in T-AA-medium for the times indicated, one part of the cell suspension was irradiated immediately (A), and to the second part thymine and tryptophan were added, the cells were incubated for 15 min and then irradiated (A) (u.v. doses were 30 J m-2). After irradiation, cells were incubated in the complete medium in which [6-3H]thymine was substituted by [6-3H]thymidine and CAP was added, At 120 rnin incubation samples were withdrawn for radioactivity determinations.
The inset shows the effect of growth in complete medium between the T-AA-pretreatment and U.V. irradiation, on the restoration of DNA synthesis. In the exponential phase of growth, cells were transferred to a medium without thymine and tryptophan and incubated for 90min. The essential compounds were then restored. After the indicated times of growth in the complete medium (CM), cells were irradiated and then incubated, as above, for 120 min. starvation for an essential amino acid (T-AA-conditions), restoration of DNA synthesis after U.V. irradiation and 120 min incubation with CAP was not observed (Fig. 2) . However, if T-AA--treated cells were allowed to synthesize protein for 15 rnin prior to U.V. irradiation, the irradiated cells synthesized DNA during 120 rnin incubation with CAP. The maximum effect was reached after 90 to 105 rnin of T-AA-pretreatment. The influence of the period of growth in complete medium between the T-AA-pretreatment and U.V. irradiation on subsequent DNA synthesis is illustrated in the inset to Fig. 2 . We also followed the effect of both pretreatments on semiconservative DNA replication taking place in cells that had been u.v.-irradiated and then incubated with CAP. Exponentially growing (untreated) cells (Fig. 3a) and cells pretreated in T-AA-medium without subsequent incubation in complete medium (Fig. 3b) did not show any significant DNA replication. In cells pretreated in T-medium for 45 rnin (Fig. 3 c ) or T-AA-medium for 90 min with a subsequent 15 rnin incubation in complete medium (Fig. 3d) , semiconservative DNA synthesis occurred. From these results it can be concluded that post-irradiation semiconservative DNA synthesis may be induced by thymine deprivation which is accompanied by simultaneous (T-), or subsequent (T-AA-, T+AA+), protein synthesis, Protein synthesis between the T-AA-pretreatment and U.V. irradiation also increased the survival of E. coli B/r Hcr+ cells incubated after irradiation with CAP. The decrease in the surviving fraction of exponentially growing cells was also reduced by T-AA-pretreatment, more so, however, under conditions where protein synthesis occurred prior to U.V. irradiation (Fig. 4) .
To determine whether the restoration of DNA synthesis after T-pretreatment of E. coli B/r Hcrf cells is a l e d -and red-dependent phenomenon, we measured DNA synthesis in T-pretreated E. coli K12 r e d (Fig. 5b) and E. coli K12 ZexA (Fig. 5 c) strains during incubation with CAP after U.V. irradiation. Under these conditions (compared with E. coZi B/r Hcr+; Fig. 5a ) recA and lexA mutants of E. coli K12 did not show any significant DNA synthesis. [3H]thymidine ml-l and CAP. At the times indicated, samples were taken and their radioactivity was determined.
D I S C U S S I O N
Ultraviolet irradiation of wild-type E. coli results in transient inhibition of DNA replication at the site of the replication point. Reinitiation of DNA replication after U.V. irradiation occurs preferentially at the chromosomal origin (Billen, 1969) and can presumably start only when the damaged stalled' replication point is eliminated. This process, called reinitiation recovery, is dependent on de novo protein synthesis (Bridges, 1972) . In the absence of protein synthesis after U.V. irradiation, permanent inhibition of DNA synthesis and a decrease in the fraction of surviving cells are observed (Harold & Ziporin, 1958 ; Drakulic & Errera, 1959 ; Doudney, 1973) .
However, we found previously (Sedliakovii et al., 1978) that the presence of a protein induced by the application of an initial U.V. dose enables E. coli B/r Hcrf to restore DNA replication after a second U.V. dose in the absence of protein synthesis. We have now shown that thymine deprivation, when accompanied either by simultaneous or subsequent protein synthesis, has a similar effect (Figs 1, 2, 3 c, d ). The restoration of DNA replication under these conditions correlates well with the survival of u.v.-irradiated cells ; under conditions which allowed synthesis of the induced protein there was practically no death of cells during post-incubation with CAP (Fig. 4) . Since no DNA replication occurred after thymineless induction in the lexA and recA mutants of E. coli K12 (Fig. 5) it can be assumed that this type of DNA synthesis is a lexA red-dependent SOS phenomenon.
Continuation of DNA replication in the absence of protein synthesis has been described by Kogoma & Lark (1970 ,1975 after various induction treatments which either damage the DNA molecule or inhibit its replication. This type of DNA synthesis, referred to as ' stable DNA replication', is a semiconservative, sequential replication. It is red-dependent and is considerably more resistant to U.V. irradiation than normal replication (Kogoma & Connaughton, 1978) .
From the above, we presume that the restoration of DNA synthesis described has characteristics similar to stable DNA replication and that enhanced synthesis of recA protein is necessary for cells to perform DNA replication in the absence of protein synthesis after U.V. irradiation. We also presume that in T-AA-pretreated E. coli B/r Hcrf cells proteins induced by thymine starvation participate in an effective post-replication or replication repair if complete dimer excision does not occur.
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